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A B S T R A C T
We discuss the physical origin and measurement of force between an atomic force microscope tip and a
soft material surface. Quasi-static and dynamic measurements are contrasted and similarities are revealed
by analyzing the dynamics in the frequency domain. Various dynamic methods using single and multiple
excitation frequencies are described. Tuned multifrequency lockin detection with one reference oscillation
gives a great deal of information from which one can reconstruct the tip–surface interaction. Intermodu-
lation in a weakly perturbed high Q resonance enables the measurement of a new type of dynamic force
curve, offering a physically intuitive way to visualize both elastic and viscous forces.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Tip-surface force
The atomic forcemicroscope (AFM) is themostwidely usedmem-
ber of the family of scanning probe microscopes. Its success stems
from the tremendous range of different material surfaces that it can
explore, and the wide variety of different environments in which it
can operate. The AFM creates an image with nanometer scale reso-
lution, of any type of physical interaction between a sharp tip and a
surface, as long as that interaction gives rise to a force between the
two. For many users the AFM’s primary function is mapping surface
topography, but its use as an analytic microscope is becoming more
widely appreciated as newmethods to measure the tip-surface force
with greater speed and accuracy have become available. This article
will discuss various modes of AFM force measurement, with particu-
lar emphasis on the more recently developed dynamic methods and
their emerging use in understanding the mechanical response of a
soft material interface.
Quantitative nano-mechanics with the AFM typically refers to
‘modulus mapping’, where the applied force is thought to be bal-
anced by elastic compression of two homogeneous bodies in contact.
Heinrich Hertz formulated a theory in 1882 [1] which is still widely
used today in the analysis of AFMdata. Explaining AFM contact forces
in terms of volumetric elastic compression is however problematical
because surface force, which originates from interfacial energy and
curvature, will eventually dominate over volumetric force as the size
of the contact is reduced [2,3].
E-mail address: haviland@kth.se.
Surface forces should therefore play an essential role when an
AFM tip contacts a soft material (see Fig. 1). A soft material may
appear to be more ﬂuid-like at the nanometer scale, when elas-
tic stress becomes negligible in comparison to entropic forces as
the tip penetrates into the material. Capillarity will play a larger
role as the soft material can more easily deform around the sharp
tip, forming an interface with very large curvature due to the very
small radius of the tip ∼10 nm. Some models attempt to account for
both van der Waals forces, which are almost always attractive, and
Hertzian contact forces in a piece-wise fashion. Others take interfa-
cial energy into account in terms of loading curves that are not easily
adapted to the measurements made with the AFM. For a review of
various models see [4]. Whatever model is used, a surface map of
the model parameters is often made by ﬁtting the model’s force–
displacement relation to an AFMmeasurement that is interpreted as
the quasi-static cantilever force vs. tip position curve.
Especiallywith softmaterials one should be cautiouswith such an
interpretation. Rather, AFMpractitioners should focus their attention
on the measured cantilever deﬂection and ask: What exactly are the
forces acting on the tip and how do they depend on both cantilever
deﬂection and cantilever velocity? In this regard dynamic methods
of measuring force offer new ability to reveal the otherwise hidden
information about what is really happening in the AFM contact. With
dynamic force measurement we must take a more rheological view
of the interaction, where the interaction force is understood to be
the result of both the elastic and viscous nature of the interacting
materials.
In the following we give a brief review of AFM force measure-
ment. The discussion focuses on a particularmultifrequency dynamic
method of forcemeasurement, fromwhichwe introduce the concept
http://dx.doi.org/10.1016/j.cocis.2016.10.002
1359-0294/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
D. Haviland / Current Opinion in Colloid & Interface Science 27 (2016) 74–81 75
dF = P dA = 2
Rtip
dA
Entropic : 
van der Waals Capillary: interface with curvature 
Viscous: velocity dependent F = G
z
= T S
z
1
2
0
Rtip
Fig. 1. A pictorial representation of different types of forces between an AFM tip and a soft sample surface: van der Walls forces due to the different dielectric permittivity e of
the tip, sample and intermediate medium. Entropic forces arising from the change in free energy G when the tip penetrates into the sample. Capillary forces resulting from the
Laplace pressure jump under the tip DP = cC, given by the product of the tip-sample interfacial energy c, and the surface curvature C = 2/Rtip. Viscous forces are present when
the measurement is made at non-zero velocity.
of dynamic force quadratures. The amplitude dependence of the
force quadratures gives a physically intuitive ‘dynamic force curve’
that can be measured without assuming a particular interaction
model. Force quadrature curves are therefore extremely useful for
gaining a deeper understanding of the tip–surface interaction.
2. Force measurement
Atomic force microscopy is rife with acronyms that distinguish
its many modes of operation, some of which differ in subtle ways.
All modes have one thing in common: they achieve image contrast
by monitoring minute changes in the force between a surface and
a sharp tip placed at the end of a ﬂexible cantilever. Analytic AFM
begins with an accurate and sensitive measurement of this force,
where the cantilever beam acts as a linear transducer of tip-surface
force.
The interaction force between the tip and surface FTS(t) gives rise
to tip motion d(t) which is recorded by monitoring the deformation
of the cantilever beam (see Fig. 2). The force and deﬂection vectors
have three components, but the standard AFM with a 4-quadrant
photo detector can only resolve two signals, often referred to as the
vertical and lateral deﬂection signals. The component of force normal
to the plane of the sample surface Fz gives a vertical deﬂection of the
tip dz, causing a ﬂexure of the beam. The component of force paral-
lel to the surface and perpendicular to the major axis of the beam Fx
gives a lateral deﬂection of the tip dx which causes a torque and twist
of the cantilever beam around its long axis. In the following we will
drop the subscripts of force and deﬂection, as all discussion is valid
for any component of the vectors.
Note however that the third component of force on the tip Fy also
gives rise to a bending of the cantilever beam, which the standard
detector can not distinguish from bending due to a normal force Fz.
As long as the frictional or in-plane force Fy is not too large, the
transverse bending moment will not be a big problem because the
cantilever is typically rather stiff to such bending. However, when
pushing against a surface, for example to calibrate the optical beam
deﬂection system using the calibrated AFM z-scanner, signiﬁcant
frictional forces will give rise to errors that will be larger for stiffer
cantilevers.
Quantitative AFM requires a well-calibrated measurement of at
least one component of the tip-surface force. Calibration is required
for 1) conversion from measured detector voltage to cantilever
deﬂection and 2) conversion from deﬂection to force. Let us ﬁrst
consider the latter conversion where there are two basic types:
Quasi-static, where we assume that the tip-surface and cantilever
forces are balanced and the cantilever is effectively at rest, and
dynamic, where we account for non-zero velocity and acceleration
of the cantilever.
2.1. Quasi-static
The cantilever force is equal and opposite to the tip-surface force
and the two are assumed to be in quasi-static equilibrium.
Fcant = −FTS (1)
The quasi-static assumption for the cantilever means that its motion
is slow enough such that we may approximate the measured deﬂec-
tion as simply proportional to the cantilever force.
d = − 1
ks
Fcant (2)
Thus, calibration requires the determination of one static force con-
stant ks which tells us how much deﬂection we get in response to
some tip-surface force.
The Hooke’s law relation Eq. (2) is deceptively simple, but its
application requires that we measure slow enough to ensure quasi-
static equilibrium. The measurement time must be long in com-
parison to various time constants, for example the inverse of the
cantilever resonant frequency, and the relaxation time given by the
ratio of viscous to elastic force constants. The latter can vary widely
depending on the material interacting with the tip and the medium
through which the body of the cantilever moves.
The most important drawback of quasi-static force measurement
is its inability to say anything about the viscous nature of the tip and
surface materials. Viscous forces are, by deﬁnition, velocity depen-
dent, and the quasi-static assumption is that velocity is negligible.
The quasi-static method also has an important technical disadvan-
tage in that it is inherently subject to excess low frequency noise or
instrument drift (also call 1/f noise). Dynamic force measurement
does not suffer from these drawbacks.
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Fig. 2. A schematic of the AFM: The force on the tip is a vector quantity with three components. The resulting bending and twisting of the cantilever beam is monitored with an
optical-beam deﬂection system capable of reading two components of the cantilever deformation.
2.2. Dynamic
Dynamic force measurement takes into account cantilever
motion, often using it to great advantage. The tip-surface force is
determined from the steady-state dynamic response of the cantilever
beam subjected to a periodic driving force.
Fcant(t) = −FTS(t) − Fdrive (t) (3)
However, the cantilever force can no longer be taken as a function
of deﬂection d only. Because the cantilever has ﬁnite mass and it is
moving through a viscous medium (e.g. air), the net force must take
in to account acceleration d¨ and velocity d˙. In so far as the cantilever’s
free dynamics can be described by a linear differential equation of
motion (whatever it is) there exists a simple relation in the frequency
domain, similar to Eq. (2), relating each frequency component of the
force and motion.
dˆ(y) = −1
k
Gˆ(y)Fˆcant(y) (4)
The yet unspeciﬁed dimensionless function Gˆ(y) is often called the
transfer gain. Here the ‘hat’ symbol refers to a complex number at
each frequency y = 2pf, e.g. dˆ(y) = dI(y) + idQ (y), describing
respectively the Fourier cosine amplitude and sine amplitude of the
motion. We refer to these two components as ‘quadratures’, using
the subscripts I, meaning in phase with a reference oscillation at fre-
quency y, and Q, meaning phase-shifted by p/2 from the reference
oscillation. Alternatively we may describe each frequency compo-
nent of the motion or force as having one amplitude A =
√
d2I + d
2
Q
and one phase 0 =arctan(dQ/dI).
Eq. (2) is essentially the y → 0 limit of the more general linear
response relation Eq. (4). Dynamic AFM in the frequency domain is
therefore as simple as quasi-static AFM, the only complications being
that we must perform the measurement in the frequency domain,
and that our calibration must include Gˆ(y). These added complica-
tions are not very severe and they come with numerous beneﬁts
when the cantilever motion is concentrated in a narrow frequency
band near a resonance with large quality-factor Q.
Near any such resonance the cantilever’s linear response function
can be well approximated by a damped harmonic oscillator
1
k
Gˆ(y; y0,Q) = 1k
[
−y
2
y20
+ i
y
y0Q
+1
]−1
(5)
with transfer gain plotted in Fig. 3. Near the resonant frequency y0
the sensitivity of force measurement is enhanced due to the large
responsivity1 of the cantilever |Gˆ(y0)| = Q (see Fig. 3). On resonance
we have a factor Q larger deﬂection than quasi-static (y = 0) force
measurement where |Gˆ(0)| = 1. This large responsivity is precisely
why we are able resolve thermal noise, i.e. Brownian motion of the
cantilever in a narrow frequency band near resonance. In this band
force measurement sensitivity is at a fundamental ‘thermal limit’ of
the transducer operating at ﬁnite temperature in equilibrium with
its damping medium. Measurement sensitivity is not limited by
detector noise.
Calibrating dynamic force measurement near a resonance there-
fore requires the determination of only two additional parameters,
the resonance frequency y0 and the dimensionless quality factor Q.
In fact, these two quantities are easily determined with high repro-
ducibility from a measurement of the noise power spectrum near
resonance. A blind comparison between several different operators
from different groups using different AFM’s to calibrate the same set
of cantilevers, has shown very little variation in their measurements
of y0 and Q [5].
Given y0 and Q, there is a well developed method that allows
us to determine the dynamic mode stiffness k from knowledge of
the cantilever’s hydrodynamic damping [6,7]. Recently this so-called
Sader method has been simpliﬁed and extended to beams of arbi-
trary shape [8]. Thus we can calibrate the cantilever’s linear response
function near resonance, but we are still left with the problem of
calibrating the detector.
1 By responsivity wemean the absolute value of a linear response function. Respon-
sivity is not the same thing as sensitivity, the latter being best expressed in terms of
the noise ﬂoor, or minimum detectable signal (signal-to-noise ratio=1) for a speciﬁed
measurement time (measurement bandwidth).
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Fig. 3. Enhanced responsivity of a high Q resonance. At frequencies in the vicinity
of a high Q resonance the response of the cantilever to an oscillating force is greatly
enhanced. This enhancement allows one to measure the thermal noise force acting
on the cantilever, enabling a means of calibrating the measurement of both force and
deﬂection.
A good opto-electronic detector under most operating conditions
(i.e. not too large amplitude) will also have a linear response relation
between cantilever deﬂection and measured voltage.
dˆ(y) = aˆ(y)Vˆ(y) (6)
We can use the value of k determined from the Sader method,
together with the overall magnitude of the measured noise power,
to calibrate the detector [9]. When doing so, we assume that the
detector responsivity is independent of frequency |aˆ(y)| = a, also
a good approximation if we restrict ourselves to a narrow frequency
band around a resonance. This combined hydrodynamic damping
and noise calibration method is clearly the best and most primary
method currently available, for several reasons:
1. The entire calibration is traceable to one single measurement
of the noise power spectrum which is easily performed before
scanning, and easily checked between scans.
2. Both deﬂection and force are calibrated from this single mea-
surement, which does not rely in any way on the calibration of
the AFM scanner.
3. The method does not rely on uncontrollable assumptions
(i.e. Fy = 0) when a scanner is used to push the tip against a
hard surface in order to calibrate the detector.
4. The calibration is done without the tip ever touching a sur-
face, eliminating the risk of damaging the tip (especially for
stiff cantilevers).
5. The theory of the method is very general, simple and direct,
and the small amplitude of motion noise guarantees that the
theory’s assumption of linear response is valid.
The accuracy of the method is however presently limited by how
well we know the hydrodynamic damping function for the particular
cantilever in question. In an effort to improve this accuracy, a global
web site was recently started where anyone can upload their calibra-
tion results and compare with others [5,10]. It is therefore becoming
possible to accurately measure dynamic force in a narrow band near
the fundamental cantilever resonance.
Apart from the advantages of more accurate calibration and
enhanced sensitivity, dynamic force measurement has the distinct
advantage of measuring deﬂection at a high frequency y0 where
there is no additional 1/f noise (i.e. no drift). However, the most
important advantage of dynamic force measurement is its ability to
probe the viscous nature of the interaction between the tip and sur-
face, a feature that is particularly important in the context of soft
materials.
3. Single frequency methods
The dominant paradigm of dynamic force measurement drives
the cantilever with one pure tone2 , while monitoring the response
at this single drive frequency [11,12]. Additional feedback is often
used in a measurement conﬁguration called the phase-locked loop
(PLL) [13] which adjusts the drive frequency to keep the response
phase ﬁxed at −p/2 (i.e. on resonance, if the system is a linear
oscillator, see Fig. 3). Giessibl [14] formulated amethod of forcemea-
surement which assumes a conservative tip-surface force that can be
expressed as a function of the oscillating tip position z(t) = h + A0
cos(y0t), where h is the static probe height. He derived an integral
relation for the frequency shift dfmeasured by the PLL.
df =
−f0
kA0
∫ 2p
0
FTS(z(t)) cos(y0t)dt (7)
Reconstruction of a force–distance curve with this method requires
that one measures the frequency shift as a function of the probe
height when an additional feedback loop is used to keep the oscil-
lation amplitude ﬁxed at a constant value A0. Analytic expressions
to recover FTS(z) from the measured df(h) have been found for arbi-
trary oscillation amplitude A0 [15] and a discussion of dissipative
interaction in this context has been given by Dürig [16] and Sader
et al. [17].
With three feedback loops (PLL, A0 feedback and scanning feed-
back) the measurement can be rather diﬃcult to stabilize and
interpret. An alternative single-frequency method that does not use
the PLL measures the amplitude and phase of the response at the
single drive frequency, as a function of the probe height above
the surface [18,19]. Here, jump instabilities and bi-stable cantilever
dynamics complicate the reconstruction of the interaction from the
measured data. In any case, all single frequency methods require
measurement of response as the probe height is moved toward and
away from the surface, a slow process which is subject to drift or 1/f
noise.
The fundamental problem with single-frequency dynamic AFM is
that there is simply too little information in the given measurement
time Tm (or measurement bandwidth B = 1/Tm) for reconstruction
of the force. For ﬁxed probe height, one amplitude and one phase
(or frequency shift if a PLL is used) can only reconstruct a linear
function FTS(z). Furthermore, scanning requires its own, independent
feedback. If we use for example amplitude feedback to control scan-
ning, only the phase could contain any information about a change
in tip–surface interaction. Cleveland et al. showed that in this con-
text, phase can be regarded as a measure of additional dissipation
resulting from the tip–surface interaction [20].
2 By tone we mean a pure sinusoidal oscillation at a particular frequency, described
by one amplitude and one phase, or alternatively, two quadrature components which
are represented by one complex number.
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Fortunately, the linear response relation Eq. (4) is valid at all
frequencies and in principle, much more information is available if
we measure at many frequencies. This is the motivation behind the
so-called multifrequency AFMmethods.
4. Multifrequency methods
Multifrequency AFM is a branch of dynamic AFM that has
emerged in the last decade with two main directions. In the ﬁrst
direction one uses more than one eigenmode of the cantilever, for
example monitoring response at two ﬂexural eigenmodes [21,22].
These bi-modal methods typically measure only one response ampli-
tude and phase at each of the two resonant frequencies, giving
only marginally more information for reconstructing the tip–surface
interaction. More information is available if one measures nonlinear
response at mixing frequencies of the two drive tones, or intermod-
ulation products. Forchheimer et al. have shown that this nonlinear
response gives larger image contrast for changes in material prop-
erties, even though these off-resonant signals have much lower
signal-to-noise ratio [23].
Calibration is a problem with any multi-eigenmode method that
aspires to be quantitative. While one can easily measure frequency
components of deﬂection near resonance of a higher eigenmode,
conversion of this deﬂection to force is not accurate. Three indepen-
dent calibration constants k, y0 and Q must be determined for each
mode taking part in the tip motion. In contrast to the fundamental
bending mode, higher bending modes of the beam are sensitive to
the placement of the tip mass, making it diﬃcult to adopt the cali-
bration methods developed for the fundamental mode. An empirical
method was recently introduced for calibrating higher modes based
on the calibration of the fundamental model [24].
The second branch of multifrequency AFM measures response at
many frequencies closely spaced near one resonance. The so-called
band excitation method excites the cantilever over a continuous fre-
quency band [25] and the Fourier transform is used to get amplitude
and phase as a function of frequency. Fitting the response measured
in this way to Eq. (5) (Fig. 3) allows one to monitor the change of
resonance frequency and quality factor when scanning over a sur-
face [26]. The analysis amounts to making a linear approximation
for the tip–surface interaction, and under this assumption a decrease
in quality factor would be the result of extra damping caused by
the tip–surface interaction. One can also apply the band-excitation
method when the tip is in constant contact with the surface, using a
so-called contact resonance [27,28]. While the linear approximation
may be more valid for contact resonance, the measured damping in
this case is due to the motion of the cantilever body in its damping
medium, as well as the losses due to tip movement against the sam-
ple surface. The latter is the interesting quantity from the point of
view of material analysis, but there exists no unambiguous way to
separate the two.
One of the most exciting aspects of multifrequency measurement
is that it opens up the possibility to go beyond linear approximations
and directly probe the nonlinear character of the forces which per-
turb the cantilever resonance. Nonlinearity will generate harmonics3
of a single drive tone, and force reconstruction from these harmon-
ics is possible [29–31]. However, methods based on harmonics do
not exploit the additional force sensitivity of resonance and quanti-
tative reconstruction is complicated by diﬃculties in modeling and
calibrating the cantilever’s linear response function over the wide
3 By harmonics wemean response at frequencies that are exact integer multiples of
the frequency of any drive tone. Harmonics should not be confused with higher eigen-
mode frequencies (resonances) of the beam, which do not occur at integer multiples
of the lowest mode frequency. Confusion often arises because some ideal resonators
do have eigenfrequencies at integer multiples of their lowest mode frequency.
frequency band needed to accommodate many harmonics. These
problems were solved with the introduction of a narrow band,
nonlinear method called Intermodulation AFM [32,33].
Intermodulation AFM uses two or more drive tones placed at dif-
ferent frequencies. The nonlinear tip-surface force causes frequency
mixing or intermodulation between the drive tones, resulting in non-
linear response close to resonance where the large transfer gain
|Gˆ(y)| enhances signal-to-noise ratio. A key aspect of the implemen-
tation of Intermodulation AFM is the ‘tuning’ of the drive tones, such
that all frequencies are integer multiples of one base frequency Df.
In this case all mixing products will also occur at frequencies which
are integer multiples of Df and the lockin technique can be used to
make a low-noise, narrow bandmeasurement of both quadratures of
the multifrequency response. A special multifrequency lockin ampli-
ﬁerwas developed for this purpose [34]. Anothermoremathematical
way of stating the necessity of tuning, is that tuning establishes a
complete and orthogonal set of sinusoidal basis functions for analysis
of response in the ﬁnite time interval of the measurement T = 1/Df,
corresponding to one pixel of the image.
Variousmethods of analyzing the intermodulation response spec-
tra have been developed. One method assumes that the tip-surface
force can be written as a polynomial function of the cantilever
deﬂection, and linear algebra is used to solve for the polynomial
coeﬃcients by numerical pseudo-inverse of a matrix built from
the multifrequency response [35,36]. Another method uses numer-
ical optimization to ﬁnd the coeﬃcients of an arbitrary tip–surface
interaction model [37]. Other so-called ‘black-box’ models do not
start from a physical model of the interaction force, but rather
attempt to maximally discriminate different regions of the sample
using themultifrequency data set, for example by linear discriminant
analysis [23] or machine learning algorithms [38].
However, if the objective is to understand the forces, physical
modeling is required and experience from ﬁtting force models to
Intermodulation AFM data pointed to problems with the models
from contact mechanics, especially for soft materials. For example,
attractive forces appeared to act over very large length scales
(see discussion of Fig. 4). Ad hoc models which included viscous
damping appeared to ﬁt the data better than standard, purely elastic
models. These observations motivated the development of a ‘model
free’ way of examining the multifrequency intermodulation data, so
that one might gain more physical insight as to what model is most
appropriate.
5. Dynamic force quadratures
Amethod of analysis has been developed by Platz et al. [39] which
gives a physically intuitive way of looking at the intermodulation
response in terms of the force between the tip and surface. A direct
transformation of the data extracts the Fourier coeﬃcients of the tip-
surface force at a high frequency y¯ near resonance, and plots these
as functions of the slowly-modulated amplitude A of this fast oscil-
lation. This transformation is made with the following added twist:
the Fourier coeﬃcients are resolved in a rotated frame where the tip
motion has zero phase.
z(t) = h+ d(t) = h+ A cos(y¯t) (8)
FI(A) =
1
T¯
∫ T¯
0
FTS(t) cos(y¯t)dt (9)
FQ (A) =
1
T¯
∫ T¯
0
FTS(t) sin(y¯t)dt (10)
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Fig. 4. Dynamic force quadratures measured on a noncrystalline polymer surface, are constructed from the intermodulation response. Left column: The spectrum of free motion
dˆfree and engaged motion dˆ are combined with the calibrated transfer function as in Eq. (13) to get the spectrum of the tip surface force FˆTS. Center column: At the slow time
scale T = 1/Df corresponding to one period of the two-tone drive (i.e. one beat) the individual fast oscillation cycles of the cantilever are not resolvable, appearing as the areas
of solid color. From the motion spectrum and force spectrum we extract the slowly varying amplitude (black curves) and phase (magenta curves) by simple down-shifting and
inverse Fourier transform. Right column: Knowing the phase of both force and motion, we plot the force which is in phase with the motion FI , and its quadrature FQ , as functions
of the amplitude of the motion A.
Here T¯ = 2py¯ is the period of fast oscillation. In the frequency domain
we write,
dˆ = A+ i0 (11)
FˆTS(y¯,A) = FI(A) + iFQ (A) (12)
Comparison of Eq. (7) with Eq. (9) shows that FI is essentially the fre-
quency shift measured in single-frequency dynamic AFM. However,
with Intermodulation AFM this quantity is given as a function of
oscillation amplitude A at ﬁxed probe height h, a curve that is quickly
measured at each image pixel.
To transform the intermodulation spectrum to force quadrature
curves, we solve Eqs. (3) and (4) for the Fourier coeﬃcients of the tip
surface force,
FˆTS = kGˆ−1(dˆ − dˆfree) (13)
where the drive force is expressed in terms of the spectrum of
free motion Fˆdrive = kGˆ−1dˆfree. Fig. 4 shows graphically how this
equation is used to construct the tip-surface force quadrature curves.
The analysis is based on the notion that the nonlinear response
has the same period as that of the driving force (i.e. harmonic bal-
ance [29]). Two closely spaced drive tones give a ‘beating’ response
with period is T = 1/Df, where Df is the frequency spacing of the
drive tones. Periodic response is easily veriﬁed in the experiment
when the motion is Fourier analyzed over two or more beats.
The in-phase force quadrature FI(A) tells us how the conserva-
tive force (experienced by the cantilever) evolves as the amplitude
of each single oscillation cycle slowly changes at ﬁxed probe height.
Positive FI means that the tip-surface force is dominantly attractive
during the oscillation cycle, whereas negative FI means dominantly
repulsive. At any given amplitude we can compare the conservative
and dissipative force experienced by the cantilever, where negative
FQ means energy lost by the cantilever to the tip–surface interaction.
Positive FQ does not normally occur, but in principle it could hap-
pen if the surface can store energy imparted by the cantilever during
some cycle, which is given back to the cantilever in a later cycle.
The right-most column of Fig. 4 shows typical force quadrature
curves measured above a soft, noncrystalline polymer surface. As
the amplitude increases above some critical value, attractive forces
rapidly turn on and FI(A) > 0. At the same critical amplitude we
see the appearance of dissipative forces where FQ(A) < 0. Fur-
ther increasing the amplitude shows a decrease in FI, meaning that
the force becomes repulsive during part of the oscillation cycle,
but remains dominantly attractive over the entire cycle. Remark-
ably, the force is dominantly attractive even as the tip penetrates 20
nm beyond the onset of interaction with the surface. We also see
that this dominantly attractive force is accompanied by a dissipa-
tive force that is larger than the conservative force. We may explain
these features with a moving surface model, where adhesion causes
the cantilever to lift up the surface, and large amplitude motion of
the soft surface causes dissipation due to the viscous nature of the
material [40].
The force quadrature curves FI(A) and FQ(A) are shown for both
increasing and decreasing amplitude A, measured during one ‘beat’,
or one period of the two-tone drive. A ubiquitous feature of these
curves on very soft surfaces is hysteresis, where different curves
are observed for increasing and decreasing amplitude. A general
explanation of this hysteresis can be found by considering the ﬁnite
relaxation time of the viscoelastic surface. When this relaxation time
becomes longer than the period of fast cantilever oscillation, the sur-
face is not able to fully relax to its equilibrium position between
successive oscillation cycles. The net effect ofmany repeated cycles is
an average lifting (or indentation) of the surface from its equilibrium
position. Hence, the time-average position of the surface becomes
dependent on whether the oscillations are increasing or decreasing
in amplitude.We can see the surface lifting in Fig. 4 where the attrac-
tive interaction turns on with increasing A (right-pointing arrows) at
a higher amplitude than that at which it turns off (left-point arrows).
We have been able to explain this feature and extract the relaxation
time of the surface using a new type of dynamic interaction model
that includes the motion of the viscoelastic surface [40].
The ‘dynamic force curves’ FI(A) and FQ(A) should not be con-
fused with the traditional quasi-static force versus deﬂection curves
commonly used in quantitative AFM. The force quadratures give
a weighted average (integral) of force over one single fast oscilla-
tion cycle of the tip. They do not communicate the force at a given
distance above a static surface. Under the assumption that the con-
servative tip-surface force is a function of tip position only, one
can invert the integral in Eq. (9) to express the conservative force
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quadrature FI(A) as a force-deﬂection curve FTS(d) [39]. However,
this assumption does not hold for viscoelastic surfaces which have a
delay between applied force and deformation, and ﬁnite relaxation
time to equilibrium. In such cases it is necessary to formulate the tip–
surface interaction in terms of a model that includes the dynamics of
the surface. The interaction depends not only on tip position and tip
velocity, but also the position of the surface when it meets the tip.
Because the force quadratures are resolved in a rotated frame
where the tip motion has zero phase (Eq. (8)), the quantity 2pAFQ is
simply force times velocity integrated over one fast oscillation cycle
(see Eq. (10)). A key point is that the amplitude A is a slowly chang-
ing quantity, so that it can be taken to be constant in the closed-cycle
integral. This integral is easily seen to be the work performed by
the tip-surface force during the closed cycle. For a conservative
tip–surface interaction this work would be zero. Therefore 2pAFQ
corresponds to energy dissipated as a result of the tip–surface inter-
action, during one single oscillation cycle. One can easily make a plot
of this dissipated energy as a function of amplitude.
6. Summary and outlook
Both quasi-static and dynamic methods use the AFM cantilever as
a linear transducer of tip-surface force. This linearity is most easily
seenwhen dynamic forcemeasurement is described in the frequency
domain. A good calibration of the dynamic linear response function
of the cantilever is possible in a narrow frequency band covering a
high-Q resonance, where dynamic measurement offers greater force
sensitivity than quasi-static measurement. In contrast to the quasi-
static method, dynamic force measurement has the ability to probe
the viscous nature of the tip–surface interaction.
When dynamicmeasurement is madewith a properly tunedmul-
tifrequency drive force, a multifrequency lockin technique allows
for extracting many Fourier coeﬃcients of the response. The parallel
nature of the multifrequency lockin measurement results in a great
deal of information during a short time, enabling reconstruction of
the tip-surface force at every pixel of a scanned image. The tuned
multifrequency method is valid even when the tip–surface interac-
tion is a nonlinear function of the cantilever deﬂection, resulting in
intermodulation of the multiple drive tones. High-Q resonance con-
centrates the nonlinear response to a narrow frequency band, offer-
ing an intuitive way of examining the narrow-band intermodulation
response in terms of dynamic force quadrature curves.
The general measurement paradigm based on the analysis of
intermodulation spectra has much to offer the future develop-
ment of AFM. Recently the method of dynamic force quadrates was
extended to lateral forces using a torsional resonance of the can-
tilever [41]. Due to the high frequency of the torsional mode, one
can examine friction at high velocity of order cm/s, with very high
spatial resolution of order 10 nm. An improved method of electro-
static force microscopy based on intermodulation has already been
introduced [42]. This open-loop alternative to thewell-known Kelvin
Probe AFM offers an entirely new way to study how surface poten-
tial changes as a DC voltage is applied to the tip [43]. These and
other recent developments with intermodulation measurement and
analysis techniques promise a bright future for the development of
AFM and its application to the quantitative analysis of surfaces and
interfaces.
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